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Measurements of plasma electric fields are essential to the advancement of plasma science
and applications. Methods for non-invasive in situ measurements of plasma fields on sub-
millimeter length scales with high sensitivity over a large field range remain an outstand-
ing challenge. Here, we introduce and demonstrate a new method for plasma electric field
measurement that employs electromagnetically induced transparency as a high-resolution
quantum-optical probe for the Stark energy level shifts of plasma-embedded Rydberg atoms,
which serve as highly-sensitive field sensors with a large dynamic range. The method is ap-
plied in diagnostics of plasmas photo-excited out of a cesium vapor. The plasma electric fields
are extracted from spatially-resolved measurements of field-induced shape changes and shifts
of Rydberg resonances in rubidium tracer atoms. Measurement capabilities over a range of
plasma densities and temperatures are exploited to characterize plasmas in applied magnetic
fields and to image electric-field distributions in cyclotron-heated plasmas.
The development of improved diagnostic techniques to measure the physical properties of
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plasmas is essential to advancing our understanding of fundamental plasma phenomena and plasma
applications 1. Measurements of the electric and magnetic fields in plasmas are of particular im-
portance to determining plasma parameters and investigating plasma processes in a broad range
of plasma systems 2–6. Existing optical diagnostic tools for direct measurements of plasma elec-
tric fields are largely based on emission spectroscopy and laser-induced fluorescence measure-
ments of Stark shifts or other field-induced effects, such as level mixing in plasma-embedded
atoms or molecules 7–11 and field-sensitive Rydberg states 12–15. In applications, process control in
micro-fabrication has benefitted from optical diagnostics that provide in-situ monitoring in plasma
etching, thin-film deposition, and discharge plasmas for surface cleaning 16. Electrostatic (Lang-
muir) probes are another widely used tool for measurements of plasma parameters and electric
potentials to deduce plasma electric fields. In aerospace applications, as an example, electrostatic
probes are used to determine the electric fields causing ion acceleration and electron heating in Hall
thrusters 17. A general limitation of electrostatic probes for plasma measurements is the inherent
perturbation of the plasma potentials, the particle densities and energies caused by the insertion
of the probe. In practice, this requires complex models of the interaction between the plasma and
probe, as it relates to the current-voltage readout of the probe from which information on plasma
parameters is obtained 18. Measurements of plasma electric fields at sub-millimeter length scales,
with high sensitivity and range remain a significant challenge.
Advances in the ability to optically interrogate and exploit quantum systems at the single-
atom level for measurements of physical quantities at higher precision continue to fuel the devel-
opment and emergence of novel quantum measurement and sensing technologies. Seminal de-
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velopments include microwave and optical atomic clocks 19–21, highly-sensitive, position-resolved
atomic and diamond magnetometers 22–24, and inertial sensors based on atom interferometry 25, 26.
For measurements of electric fields, atoms in Rydberg states with a single electron excited to a
high-lying orbit are exquisitely field-sensitive, 27, 28 and hold great promise for quantum electric-
field metrology and sensing applications. In combination with quantum-optical spectroscopy of
the Rydberg atoms by electromagnetically induced transparency (EIT) 29, atom-based measure-
ment methods for static and time-varying electric 30–36 and magnetic fields up to 1 Tesla 37–39 can
be devised that are practical, calibration-free and non-invasive. In this work, we demonstrate for
the first time the use of EIT as a quantum-optical probe of atomic Rydberg states of tracer atoms
for high-precision absolute-standard measurements of plasma electric fields.
Plasma generation and optical detection with Rydberg atoms. The setup used for our meas-
urements is illustrated in Fig. 1a. We implement a dual-species spectroscopic cell containing both
cesium (Cs) and rubidium (Rb) vapours. Plasmas are generated by ionizing Cs atoms using con-
tinuous two-color photo-excitation with 852 nm and ∼510 nm laser beams counter-propagating
and overlapped through the cell (Methods). The optics for plasma generation are mounted on a
dedicated platform for translation of the plasma channel along the X-axis across the cell relative
to the optical probe beams fixed in position at XOP , and propagating through the center of the cell
(Fig. 1b). Figure 1c shows single-atom energy-level diagrams of Cs plasma photo-excitation. The
photo-ionization laser frequency in our experiments is set to within 0.01 nm to generate electron
plasmas with initial kinetic energies of 0.6 meV (504 nm) or 20.8 meV (508.17 nm), allowing us
to measure electric fields in two cases.
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Figure 1 a Experimental setup. b Plasma channel and optical probe inside a dual species Cs
and Rb vapor cell (right) and optical probe position XOP relative to the plasma channel at X = 0
(left); the magnetic-field direction is indicated. Single-atom energy-level diagrams for c Cs plasma
photo-excitation with 0.6 meV and 20.8 meV electrons and d the Rb Rydberg-EIT optical probe.
Plasma electric fields are measured by spectroscopically interrogating Rydberg states of 85Rb
tracer atoms residing within the photo-excited Cs plasma using electromagnetically induced trans-
parency (EIT) as an optical probe. Single-atom energy-level diagrams of the Rydberg-EIT optical
probe are shown in Fig. 1d. Rydberg EIT is implemented using overlapped 780 nm and 480 nm
laser beams, counter-propagating through the cell parallel to the plasma channel beams (Fig. 1a)
(Methods). Relative cross sections of the beams in the optical probe and plasma channel are illus-
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trated in Fig. 1b.
Figure 2 Measured optical probe spectrum of the 85Rb 69DJ Rydberg states for a without
plasma (black) and with plasma (green) at XOP=0. The coupler detuning, ∆480, is relative to the
field-free transition into the Rb 69D5/2 Rydberg state, used for electric-field sensing. The spectral
lines i and ii correspond to the J = 5/2, 3/2 fine-structure states associated with the 780 nm
transmission on the 5S1/2(F = 3) to 5P3/2(F = 4) transition; lines iii and iv correspond to states
associated with the 780 nm transmission on the 5S1/2(F = 3) to 5P3/2(F = 3) transition. b
Optical probe spectrum for plasma photo-excited with λ = 508.17 nm (green) and λ =504 nm
light (red). c Calculated Rydberg energy-level shift versus electric field. The splitting between
D5/2 |mj| =0.5 and 2.5 for measured half-widths in b and their electric fields (vertical lines).
Electric field measurements in photo-excited plasmas. Plasma electric fields are derived from
field-induced line-shape changes and level shifts of the plasma-embedded Rb atoms interrogated
by the optical probe inside the cell. An experimental 69D Rydberg spectrum without plasma (Cs
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photo-ionization beams off) is shown in black in Fig. 2a. This spectrum is centered on the 69D5/2
Rydberg line of the Rb tracer atoms, observed in the form of an EIT window within the resonant
5S1/2(F = 3) to 5P3/2(F = 4) 780-nm transition of Rb. The plasma-free EIT spectral line has a
measured half-width of 2pi × 6.5 MHz, limited by interaction-time broadening of the 85Rb atoms
within the 780 nm probe beam.
The spectra in green in Figs. 2a, b show the EIT readout from the optical probe along the
plasma core (XOP =0) for a plasma with a low initial electron energy of 0.6 meV, obtained by
photo-ionization of Cs with 508.17-nm green light. The effect of the plasma electric fields is
immediately evident. Relative to the plasma-free case, the 69D5/2 line shifts by −4.8 ± 0.1 MHz
and broadens by more than a factor of four to a half-width of 2pi × 27 MHz. We determine
the plasma field by comparing the broadening to calculated Rydberg Stark shifts for the Rb 69D
|mj|=0.5, 1.5, and 2.5 magnetic levels (Fig. 2c). In the local frame of each tracer atom, the plasma
electric field points in an arbitrary direction with respect to the optical probe laser polarizations,
and therefore all |mj| contribute to the spectroscopic line. The most probable plasma electric-field
amplitude is determined by matching the half-width of the spectral line to the calculated splitting
of the red- and blue-most shifted |mj|-levels of the dominant 69D5/2 fine-structure component. For
the 0.6 meV plasma, we obtain an electric field E = 0.15 V/m (green line in Fig. 2c). Similarly,
a spectrum for a plasma with an initial electron energy of 20.8 meV, obtained by photo-ionization
of Cs at 504.00 nm, is shown in red in Fig. 2b. There, the plasma induces a larger average shift
of (−11.4 ± 0.1) MHz and broadening to 2pi × 85 MHz, corresponding to an electric field E =
0.26 V/cm (vertical red line in Fig. 2c). The field sensitivity reached in this measurement is an
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improvement of more than one order of magnitude compared to the highest sensitivity reached
using other methods 13–15.
The plasma electric fields are largely attributed to a steady-state positive space charge centered
with the plasma axis. Similar to a process observed in ultra-cold plasmas 40, electrons escape the
plasma generation region, thereby building up a positive ionic space charge. The process continues
until the space charge becomes large enough to slow the electron current and to promote a steady-
state, outward-directed ion current that balances the electron current. In steady-state, the ion and
electron currents are equal to the photo-ionization-induced charge production rate (assuming no
recombination, which is a good approximation for our charge densities and temperatures, estim-
ated below). The ∼ 1.7×-larger electric field measured in the 20.8 meV plasma is attributed to the
greater initial kinetic electron energy, which translates into a deeper positive space-charge potential
well necessary to slow the electron current so it can be balanced by the ion current. Using Gauss’s
law, assuming a homogeneous charge density within the volume of the 780 nm beam, and taking
its radius as the sensing radius, we estimate a net excess ionic charge density for the 20.8 meV
plasma of ρ = 3×107 cm−3. From this we estimate a Debye length of λD = 150 µm (electron and
ion temperatures Te = Ti = 300 K, respectively) and plasma parameter Λ = 4piρλ3D ≥ 103. This
is well within the plasma approximation (Λ >> 1) where collective effects dominate two-body
processes, indicating the system may be considered a plasma.
The inhomogeneous plasma electric field has two components, the well-defined macro-
scopic field from the azimuthally symmetric plasma charge distribution, and the microscopic
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Holtsmark 41 electric field, which follows a distribution with a characteristic field strength of
2.603n
2/3
i |e|/(4pi0), where ni is the ion density. At any given location, the macroscopic field
is mostly due to the combined effect of distant charges, while the Holtsmark field arises from the
discreteness of the (randomly distributed) nearby charges. For the above ion density estimate,
ρ = 3 × 107 cm−3, the Holtsmark field ∼ 0.04 V/cm. This is below our current level of field
measurement precision (limited by the beam size), but appears accessible in future work.
Figure 3 Electric-field measurements and spatial mapping in magnetically-confined plas-
mas. a Plasma-free 52S optical probe spectra without magnetic field (top) and with magnetic field
(bottom) for indicated 780 nm (red) and 480 nm (blue) laser polarization configurations. Optical
probe spectra at XOP = 0, 100, and 500 µm for 22 G magnetized plasmas with initial electron
energies b 0.6 meV and c 20.8 meV. Optical probe spectra are shown for the plasma off (black),
plasma on (green), and photo-ionization light (. 508 nm) off (red). d Plasma electric field corres-
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ponding to EIT peak shifts in b (circles) and c (squares); error bars reflect our ±1 MHz spectral
resolution.
Electric field measurements of magnetically-confined plasmas. Rydberg EIT as a remote, non-
invasive plasma diagnostic affords the ability to measure fields locally within the plasma on small
spatial scales, at a resolution dictated by the EIT laser beam sizes, with a high electric-field meas-
urement sensitivity and large dynamic range. To demonstrate these capabilities and the utility of
the method under a variety of plasma conditions, we measure and spatially map the electric fields
of higher-density magnetically-confined plasmas. In experiments, a homogeneous magnetic (B)
field of tens of Gauss (1 Gauss= 10−4 Tesla) is applied along the plasma z-axis (Fig. 1a, Meth-
ods). In the magnetic-field and kinetic-energy (. kB × 300 K) ranges of interest, the electron
cyclotron radius is in the range of tens of micrometers while that of the ions is several meters.
We therefore expect considerable electron confinement, leading to larger plasma electric fields.
Here, we optically probe the plasma using the Rb 52S1/2 Rydberg state. This state offers a wider
electric-field range that can be measured at the expense of lower sensitivity (DC polarizabilities
of low-angular-momentum Rydberg states in alkali atoms (` = 0, 1, 2 in Rb) scale as ∼ n7, and
decrease at lower `-values 27). An S-state has the added advantage that it is without fine structure
and has only two magnetic sub-levels (mj = −1/2,+1/2), which exhibit the same Stark shifts.
This simplifies the interpretation of the spectra in the magnetic field.
The Zeeman shifts of the Rb levels lead to polarization- and magnetic-field-dependent (plasma-
free) optical probe spectra that are also affected by optical pumping 39. The effect is evident in
9
Fig. 3a, which shows the plasma-free 52S1/2 spectra with B=0 G (top panel) and 22 Gauss field
for two configurations of circularly-polarized laser beams (bottom panel). The optical pumping
rates and resulting spectroscopic line shapes have been independently modelled using a quantum
Monte-Carlo simulation and are well understood. In our measurements, the σ−σ+ configuration is
chosen because it results in a dominant, narrow EIT line that is red-shifted by the Zeeman effect.
Since the electric-field-induced line shifts and broadenings are also to the red, the electric-field-
induced features are spectrally isolated from the weak, blue-shifted Zeeman component in the EIT
spectrum.
In Figs. 3b and c the optical probe is scanned to probe positions XOP=0, 100, and 500 µm
across plasmas photo-excited in a 22 G field with initial electron energies of 0.6 meV and 20.8 meV,
respectively. The plasma-free spectra and those for Cs(6P3/2) excitation with no photo-excitation
laser are shown for reference. The slight broadening observed for Cs(6P3/2) excitation is attrib-
uted to a weak plasma resulting from photo-ionization of Cs(6P3/2) atoms by the 480-nm Rb EIT
readout beam. This EIT probe-induced ionization during the measurements is weak due to the
lower intensity of the pulsed 480 nm light compared to that of the continuous . 508 nm light.
Also, the photo-ionization cross section of Cs(6P3/2) at 480 nm is slightly lower than at. 508 nm.
From Figs. 3b, c and Fig. 2, we observe that the 52S line in the magnetized plasmas is sub-
stantially more broadened and red-shifted compared to the 69D line in the non-magnetized plasma.
Figure 3d gives radial electric-field profiles along X for the magnetized plasmas in Figs. 3b,c ob-
tained using the measured peak shifts and 52S DC polarizability α = 68.6 MHz/(V/cm)2. Along
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the core of the 0.6 meV magnetized plasma, the electric field is 0.67 V/cm, a factor of ∼4.5
higher than in the non-magnetized plasma in Fig. 2. The larger electric fields in the magnetized
plasma arise from electron confinement along the radial dimension. The electron cyclotron radius,
Re = meve/eB ≈ 35 µm for a thermal electron velocity ve(T = 300 K) ≈ 13.5 × 103 m/s, is
smaller than other length scales of the system. Note that the Cs+ cyclotron radius, Ri = 8.4 m at
300 K, is so large that it is not important. The electric field arises from the formation of a negative
space-charge region centered along the photo-excitation beams by the pinning of the electrons to
the magnetic field. By symmetry, the electric field along the plasma core is small. This is evident
in the 20.8 meV-plasma field distribution (Fig. 3d), which has a field minimum at XOP = 0 µm.
Assuming that the negative space-charge distribution has an effective radial range on the order of
the photo-ionization beam diameter, the electric field will increase as a function of radial distance
XOP (for a homogeneous charge density the field would be ∼ X). Since outside of the space-
charge distribution of the plasma the electric field is expected to drop as X−1, the field should
peak at a value X on the order of the plasma radius. Figure 3d shows an electric-field maximum at
XOP = 100 µm, which is slightly larger than the half-width half-maximum of the photo-ionization
beam.
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Figure 4 ECR heating of 508.17 nm photo-excited magnetized plasmas. Optical probe spec-
tra centered on the field-free 85Rb 52S1/2 Rydberg state atXOP=0 for a a series of RF field frequen-
cies at fixedERF=43.5 V/m in a B=22 G magnetized plasma. b ECRs for magnetized plasmas with
B=16.5 (black squares), 22.0 (red circles), and 24.0 Gauss (blue triangles). Spectra for the B=22 G
magnetized plasma resonantly driven with 62 MHz RF for c varying the RF field amplitude at
a fixed power of 505 mW of the Cs photo-ionization laser (508.17-nm laser), and d varying the
508.17 nm laser power at a fixed value of the RF electric field, ERF=43.5 V/m.
Electric field mapping of ECR plasmas. Resonance phenomena in plasmas provide fundamental
insights into plasma processes and can in turn be exploited to control plasma properties by coupling
the plasma to external fields that are resonant with a plasma mode. In magnetized plasmas, electron
cyclotron resonances (ECRs) are widely used for these purposes, ranging from basic studies of
12
transport phenomena in magnetically-confined fusion plasmas 42, 43 to heating of low-density and
low-temperature plasmas in microfabrication 44. To investigate resonant plasma behavior using
EIT, we drive the ECRs of a 0.6 meV magnetized plasma with a resonant RF field ERF calibrated
using RF-modulation spectroscopy 35, 45. The field ERF is set such that the AC-Stark shift of the
52S Rydberg state is small compared to the shifts of interest due to the magnetic and plasma
electric fields.
Figure 4a shows spectra of the 52S Rydberg line measured along the core of a 0.6 meV
plasma magnetized by a 22 Gauss field for a series of equidistant RF field frequencies, centered
on the ECR frequency fc = qB/2pime=62 MHz (q is the elementary charge). The line exhibits an
increased asymmetric broadening and shift to lower energy as the RF field frequency approaches
fc=62 MHz. The spectroscopic response to the ECR has a bandwidth of only several MHz and is
well-centered at the expected ECR frequency.
To ensure the observed resonance is an ECR and not another unaccounted-for plasma res-
onance, the same measurement series is performed for several B-values. Figure 4b shows the
half-width of the optical-probe spectra versus RF field frequency for B=16.5, 22, and 24 G. The
observed resonances are peaked at 46, 62 and 67 MHz, respectively, in excellent agreement with
the expected ECR frequency values. We further verify the effect of the RF-drive field amplitude on
the ECR resonance for B=22 Gauss (Fig. 4c). As expected, the plasma electric field enhancement
due to the ECR heating disappears as the drive field approaches zero. We also vary the ionization
laser power while resonantly driving the ECR, confirming that the plasma electric-field-induced
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spectroscopic shifts diminish at lower plasma charge density (Fig. 4d).
Figure 5 Optical probe spectra at XOP = 0, 100, 500, 1000, 1500, and 2000 µm with
a no plasma at B=22 Gauss, b cyclotron-heated magnetized plasma at B=22 Gauss with photo-
ionization wavelength 508.17 nm, RF field frequency 61.5 MHz, and RF field ERF=44.5 V/m,
c normalized renderings of the spectra in b , d calculated 52S1/2 Stark map, and e electric field
distributions P (E) corresponding to the spectra in b and c for the indicated positions.
It is of interest to measure electric-field distributions due to broadenings caused by micro-
fields that may reveal the charged-particle density via the Holtsmark distribution 41. For a set of
radial positionsXOP, spectra obtained in the 22 G ECR-heated plasma (Figs. 5b,c) are mapped over
the known Stark shift of the 52S line (Fig. 5d) into an electric-field probability distribution P (E)
(Fig. 5e) (Methods). For E . 0.8 V/cm the values for P (E) are considered inaccurate, because
for small fields the Stark shift is less than the electric-field-free EIT line width (Fig. 5a). The result
shows considerable fields at XOP = 0; these are interpreted as a combination of Holtsmark micro-
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fields and macroscopic fields in the wings of the probe beam (which extend up to ∼ 100 µm away
from the plasma symmetry axis, where macroscopic fields are non-zero). The distribution exhibits
the largest fields of ∼3 V/cm between XOP = 100 and 500 µm. The experiment in Figure 5
demonstrates that the Rydberg-EIT probe can be used to acquire electric-field distributions P (E).
Future applications will benefit from improved signal-to-noise. For instance, an improved signal-
to-noise will allow for a more accurate deconvolution of the spectra that accounts for the EIT
linewidth, and it may enable a study of the bimodal structure apparent in some P (E) curves.
Conclusion. We have described a new measurement method of plasma electric fields that employs
EIT as a quantum-optical probe for the Stark shifts of plasma-embedded Rydberg tracer atoms.
Plasma electric fields were measured down to 0.15 V/m, an improvement in sensitivity of more
than an order of magnitude compared to traditional methods. The applicability of the method
to different plasma systems and plasma conditions was demonstrated in low-density plasmas, as
well as in magnetized plasmas that have stronger electric fields due to electron trapping. We
performed an initial study of plasma-field imaging, and we have analyzed ECR heating in our
plasma system. Our work paves the way for detailed investigations of plasma wave phenomena and
transport processes. The method could be employed in the determination of macroscopic plasma
parameters in a wide range of systems, including higher density plasmas, where shorter-range
interactions between tracer atoms and plasma constituents become relevant. Electric fields above
MV/m could in principle be measured, for example, by employing EIT with lower-lying Rydberg
states or other EIT configurations. With appropriate choices of tracer atoms, molecules or ions,
the method may be extended to diagnostics in high-density and temperature plasmas relevant to
15
inertial-confinement-fusion and magnetic-fusion plasma research and development.
Methods
Experimental setup. The Cs plasmas are generated by two-stage photo-ionization using a 852 nm
beam (420 µm full-width half-maximum of the intensity (FWHM) along the length of the cell,
power of 2.0 mW), and a counter-propagating 510 nm laser beam (focused to 160 µm FWHM at the
center of the cell, power 526 mW). The 852 nm laser frequency is stabilized to the 62S1/2(F = 4)
to 62P3/2(F = 5) transition; the 510 nm laser frequency is set to ionize out of the 6P3/2(F = 5)
level (the photo-ionization threshold is at 508.3 nm 46).
The quantum-optical plasma field probe employs EIT on Rb tracer atoms with a 480 nm
beam, focused to a 85 µm FWHM and a power of 60 mW, and a 780 nm beam, focused to a 56 µm
FWHM and has a power of 600 nW. Rubidium Rydberg spectra are obtained by measuring the
transmission of the 780 nm beam, whose frequency is stabilized to the 5S1/2(F = 3) to 5P3/2(F =
4) transition, while the 480 nm laser frequency is scanned linearly at a repetition rate of several Hz
across a chosen Rydberg resonance. All lasers have linewidths <1 MHz.
To magnetize the photo-excited plasmas, the vapor cell is placed inside a solenoid to generate
homogeneous magnetic fields along the beam propagation direction (Z-axis). The coil is wrapped
in mu-metal to shield the cell from external magnetic fields. The plasma is intrinsically shielded
from external DC electric fields due to the dielectric vapor-cell walls 29, 35. Radio-frequency fields
are generated by application of an RF signal to copper-film electrodes that are attached to the
16
exterior of the cell.
Electric field distributions The electric field distributions for the ECR-heated plasma in Fig. 5e
are extracted from the optical probe spectra shown in Figs. 5b,c using the relation P (E) =
P (ν)dν/dE, where the distribution in frequency space is P (ν) and dν/dE = α52SE (α52S =
68.6 MHz/(V/cm)2). Before the computation of P (E), a smoothing function was applied to the
spectra P (ν), averaging over 20 steps in ν. The smoothing corresponds to an electric-field aver-
aging range of about 0.2 V/cm near E=0 V/cm to about 0.01 V/cm at E=3.0 V/cm.
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